Introduction
We previously reported successful in vivo gene targeting in a neonatal mouse model of hemophilia B (HB). Specifically, we demonstrated that systemic codelivery of adeno-associated virus (AAV) vectors, encoding a zinc finger nuclease (ZFN) pair targeting the human F9 gene (AAV-ZFN) and a gene-targeting vector with arms of homology flanking a corrective complementary DNA (cDNA) cassette (AAV-Donor), resulted in the correction of a defective hF9 gene engineered into the mouse genome (referred to as hF9mut locus) in the livers of neonatal HB mice. Importantly, we obtained stable levels of human factor IX (hF.IX) expression sufficient to normalize clotting times. 1 However, the neonatal model differs from the anticipated clinical setting 2 in the degree of hepatocyte proliferation. Although neonatal mouse livers undergo multiple rounds of cell division during development, the rate of turnover in adult hepatocytes is very low. 3 In the quiescent or G0 phase of the cell cycle, DNA double-strand breaks such as those created by ZFNs are expected to be repaired mainly by nonhomologous end joining (NHEJ), 1 of 2 major repair pathways. 4, 5 Interestingly, despite NHEJ being the predominant repair choice in mammalian cells, few approaches have exploited this mechanism. Genome editing has traditionally been considered synonymous with the other repair pathway, homology-directed repair (HDR), which is mainly active in the S/G2 phases of the cell cycle. We therefore investigated whether ZFNdriven gene targeting could be generalized to adult animals where the impact of a largely quiescent liver could be assayed.
Study design Animal experiments
Animal experiments were approved by the Institutional Animal Care and Use Committee at the Children's Hospital of Philadelphia. Previously described heterozygous male hF9mut transgenic mice 1 or wild-type (WT) littermate controls, 8 to 10 weeks of age, were used. hF9mut/HB male mice were obtained by crossing male homozygote hF9mut mice with previously described HB females. 6 Partial hepatectomies were performed as previously described. 7 
ZFN reagents and targeting vectors
ZFNs targeting the hF9mut locus and F9-targeting vectors have been described previously, 1 as well as the ELD:KKR mutations to the FokI domain to construct the obligate heterodimeric ZFNs. 8 Experiments shown in Figure 1 used the WT FokI domain with the exception of Figure 1D , in which the obligate heterodimeric ZFNs were used. AAV serotype 8 vectors were produced and titered as previously described. 9, 10 Factor IX levels and activity
The hF.IX ELISA kit (Affinity Biologicals, Ancaster, ON, Canada) was used to quantify plasma factor IX. All readings below the last value of the standard curve (15 ng/mL) were arbitrarily given the value of 15 ng/mL except where otherwise indicated. The aPTT assay was performed using 1:1:1 sample plasma, HB human plasma, and aPTT reagent (Trinity Biotech, Bray, Wicklow, Ireland). The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked "advertisement" in accordance with 18 USC section 1734. The lower band (*) appears in all donor treated samples, which is an artifact apparently generated by the reverse primer and the AAV-inverted terminal repeat resulting in amplification from nonintegrated AAV genomes. hF.IX plasma levels were assayed by enzyme-linked immunosorbent assay (ELISA) and represent repeated measurements, obtained by serial bleeding, on the same group of animals over the time of the study (n 5 number of mice in each cohort). Error bars denote standard error of the mean. Plasma factor IX data are representative of at least 2 independent experiments.
Polymerase chain reaction (PCR)-based genotyping
Primers binding to a sequence upstream of exon 1 unique to the hF9mut minigene and within a sequence unique to the donor were used to amplify targeting events from genomic DNA.
Clustered integration site analysis (CLIS)
The mapping of in vivo ZFN cleavage sites was performed as previously described, 4 using sequencing data from our previous study. 1 Surveyor nuclease (Cel-I) assay
The Cel-I assay was performed as described previously.
1,8
Liver function tests and immunohistochemical analysis
Quantification of plasma alanine aminotransferase was performed using an alanine aminotransferase colorimetric assay (Teco Diagnostics, Anaheim, CA). Immunohistochemical staining was performed using Ki-67 antibody (abcam ab16667) to stain formalin-fixed, paraffin-embedded tissue.
Reverse transcription-PCR
Tissues were homogenized in Qiazol, cellular RNA was isolated with miRNeasy Mini kits (Qiagen, Valencia, CA) and treated with DNaseI (Life Technologies, Carlsbad, CA), and 1 mg was reverse-transcribed using the High Capacity RNA-to-cDNA Kit (Life Technologies). PCR was performed using AccuPrime Pfx SuperMix (Life Technologies). 
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Results and discussion
Eight-week-old hF9mut mice (harboring the ZFN target site) were treated with 1 3 10 11 vg of AAV-ZFN, expressing the hF9-specific ZFN pair, and 5 3 10 11 vg of AAV-Donor, containing arms of homology flanking the corrective partial cDNA cassette (supplemental Figure 1 ). Treated animals exhibited long-term expression (.60 weeks) of hF.IX averaging 23% of normal (1146 6 100 ng/mL) at week 60 ( Figure 1A ). In contrast, plasma hF.IX levels in mice coinjected with a luciferase-expressing AAV-Mock vector and AAV-Donor or mice injected with AAV-ZFN alone were below the limit of detection (15 ng/mL) ( Figure 1A) . Treatment of hF9mut/HB mice with AAV-ZFN and AAV-Donor produced similarly high hF.IX expression levels ( Figure 1B ) and reduced clotting times to those of WT mice ( Figure 1C ). Mice aged 7 to 8 months at initial injection exhibited lower but nonetheless therapeutic levels of hF.IX (supplemental Figure 2 ). hF.IX expression was derived predominantly from stably integrated, on-target gene correction based on 2 independent observations. First, following two-thirds partial hepatectomy, known to induce hepatocyte proliferation and subsequent loss of episomal AAV genomes, 11 plasma hF.IX levels were not reduced ( Figure 1D ). Second, treatment of WT littermates lacking the hF9mut locus (and therefore the ZFN target site) supported just ;50 ng/mL hF.IX ( Figure 1E) . As predicted by the use of a liver-specific promoter to drive ZFN expression and the hepatotropism of the AAV8 serotype, hF9 mRNA was exclusively detected in the liver and only when both the ZFN and Donor vectors were administered (supplemental Figure 3) . Proliferation levels in adult mouse liver were confirmed to be low by Ki-67 staining shortly after treatment (supplemental Figure 4) . Nonquantitative PCR-based molecular analyses 5 months post injection revealed gene insertion in the liver through both homology-directed and homology-independent processes precisely at the ZFN-specified locus, each of which is predicted to result in hF.IX expression ( Figure 1F and supplemental Figure 5 ). We next sought to determine the impact of arms of homology on genome editing. We measured hF.IX levels resulting from treatment of hF9mut mice with ZFN and donors containing no substantial homology to the target site, establishing that homology arms are not required for clinically meaningful levels of correction (supplemental Figure 6 ). Together these data demonstrate that nucleasedriven gene targeting in the quiescent livers of adult mice via intravenous administration of AAV vectors results in substantial levels of hF.IX, sufficient to correct the phenotypic defect in HB mice.
For therapeutic application, the risk of ZFN cleavage at offtarget sites should be minimized. To assay off-target activity, we first identified potential cleavage sites using a genome-wide CLIS analysis 12 of 454 deep-sequencing data from our previous in vivo ZFN study. 1 To identify integration sites attributed to ZFN activity, we compared integration sites in ZFN-vs Mock-treated animals and excluded those common to both groups of mice, which generated a list of 9 potential off-target sites in the ZFN-treated mice. Next, using the Cel-I assay, 13 we confirmed 4 of these sites as bona fide targets of ZFN cleavage in livers of mice treated with AAV-ZFN at week 4 post treatment (Figure 2A ). Because all 4 cleavage sites mapped to a ZFN target sequence resulting from the homodimerization of 1 of the 2 ZFNs, we constructed an AAV-ZFN vector employing an obligate heterodimeric FokI architecture containing the ELD:KKR mutations in the dimerization interface between the 2 ZFNs to reduce cleavage. 8 On-target activity was similar for the WT and ELD:KKR ZFNs as measured by the levels of hF.IX expression ( Figure 2B ) and cleavage at the hF9mut locus at week 4 post treatment ( Figure 2C ). In hF9mut mice treated with the obligate heterodimeric AAV-ZFN ELD:KKR vector, the levels of offtarget cleavage/repair were significantly reduced (relative to AAV-ZFN WT controls) at all sites analyzed (Figure 2A ). Consistent with this reduction in off-target cleavage, the low background levels of hF.IX expression observed in AAV-ZFN WT -treated mice that lack the hF9mut locus, potentially arising from an integration event on chr2 (supplemental Figure 7) , were reduced to below our limit of detection by the ELD:KKR variants ( Figure 2D) . Thus, although the use of WT ZFNs appears to be well tolerated, producing stable hF.IX expression over 60 weeks without change in circulating liver enzymes ( Figure 1A and supplemental Figure 8 ), these data support the use of the obligate heterodimeric ZFNs, which provide an increase in specificity without reducing hF.IX expression.
In summary, these data provide the first demonstration of robust in vivo genome editing in the context of the predominantly quiescent hepatocytes of adult animals, resulting in complete amelioration of the extended clotting times in HB mice. We observe an ;5-fold increase in hF.IX expression compared with our previous study in mice treated as neonates, which could be attributable to the loss of AAV vector genomes during neonatal liver development and/or differential promoter activity in each group. Alternatively, the difference could reflect increased genome-editing activity in adult mice. Importantly, we demonstrate substantial levels of genome editing in the absence of homology arms, which may further expand the utility of this approach by (1) allowing correction of cells unlikely to be amenable to HDR; (2) increasing the effective packaging capacity of donor vectors by obviating the need for homology arms; and (3) permitting efficient targeting without the need to design donors that incorporate patientspecific polymorphisms. Lastly, by using obligate heterodimer FokI nuclease domains, we show a marked enhancement in the specificity of ZFN action in vivo. Future directions include determining whether the levels of hF.IX observed in this model can be achieved by targeting endogenous loci, which may differ in chromatin status and promoter activity. The findings presented in this study serve to demonstrate the feasibility of genome editing in adult, noncycling tissues as a potential approach to the treatment of a wide range of monogenic diseases. 
